The measurement of exhaled nitric oxide and carbon monoxide concentrations is an emerging method of monitoring airway inflammation longitudinally in community-based studies. Inhaled concentrations of these monoxides influence exhaled concentrations. Little is known about the degree to which inhaled concentrations distort temporal trends in, or estimated effects of air pollutants on, exhaled monoxides. We sought to evaluate whether estimated effects of air pollutants on exhaled monoxides are distorted by trends in indoor and outdoor monoxides, and to characterize determinants of exhaled monoxide concentrations among residents of public housing. In a panel study, 42 residents of public housing provided over 1000 exhaled breath samples. Samples from all subjects were analyzed for nitric oxide; samples from 27 of these subjects were also analyzed for carbon monoxide. The effects of indoor and outdoor monoxide concentrations on exhaled concentrations were quantified. Confounding of associations between particulate matter concentrations and exhaled nitric oxide concentrations was explored. Determinants of exhaled monoxide concentrations among public housing residents are similar to those of other populations. Exhaled monoxide concentrations are more strongly associated with indoor than with outdoor monoxide concentrations. Approximately half of the variability in exhaled monoxide concentrations over time can be explained by changes in indoor monoxide concentrations. Indoor monoxide concentrations can markedly distort both temporal trends in exhaled concentrations as well as estimated effects of particulate matter on exhaled monoxides. Prior estimated effects of particulate matter on exhaled nitric oxide concentrations may have been confounded by nitric concentrations indoors at the time of exhaled air collection. To prevent distortions of longitudinal trends in airway inflammation and estimated health effects of air pollutants, inspiratory scrubber use is necessary but not sufficient to remove the confounding effect of indoor monoxides, and analyses should adjust exhaled monoxide concentrations for concentrations indoors.
Introduction
Exhaled nitric oxide (eNO) concentrations are higher among asthmatics than among non-asthmatics (Kharitonov et al., 1994; Jouaville et al., 2003) . Exhaled carbon monoxide (eCO) is correlated with airway hyperresponsiveness (Ramirez et al., 2004) , and appears to be higher among those with persistent asthma than among those with mild disease or without asthma (Zayasu et al., 1997; Uasuf et al., 1999) , although one study found no difference in eCO between asthmatics and nonasthmatics (Zetterquist et al., 2002) . Concentrations of eNO (Baraldi et al., 1997) and eCO (Yamaya et al., 1999 (Yamaya et al., , 2001 ) are higher during exacerbations, and decrease with steroid treatment (Kharitonov et al., 1996) , although these observations are more consistent for eNO than for eCO (Kharitonov et al., 2002; Zanconato et al., 2002) . Because the measurement of exhaled monoxides permits the non-invasive monitoring of airway inflammation, recent studies of air pollution have included as key outcome measurements concentrations of eNO (Koenig et al., 2003; Adamkiewicz et al., 2004; Jansen et al., 2005; Koenig et al., 2005; Mar et al., 2005) and eCO (Nightingale et al., 2000) . Additionally, longitudinal measures of eNO have been used to guide clinical asthma management (Pearson et al., 2005; Pijnenburg et al., 2005; Smith et al., 2005) .
In community-based studies of asthma, it is often logistically preferable to collect exhaled breath samples in subjects' homes or workplaces and then transport samples to a central laboratory for analysis, rather than transporting expensive equipment to various study sites or requiring subjects to travel repeatedly to a clinic for evaluation. Furthermore, a single analyzer can be used to study subjects in multiple locations. When exhaled breath is collected in the field and stored until analysis (''the offline technique''), eNO is influenced significantly by inhaled NO (Therminarias et al., 1998; Jobsis et al., 2001) . The relationship between eCO and inhaled CO has not been systematically evaluated and guidelines for minimizing the impact of inhaled CO on eCO do not exist. The American Thoracic Society/European Respiratory Society (ATS/ERS) guidelines for eNO collection recommend that inhaled air should contain o20 parts per billion (ppb) of NO, achieved by inhaling from a reservoir of NO-free gas or through devices that remove NO (''scrubbers'') (Anonymous, 2005) . Reservoir use is logistically challenging in community-based studies, necessitating scrub-ber use. The two studies of offline breath collection that found an association between ambient and exhaled NO (Therminarias et al., 1998; Jobsis et al., 2001) did not use scrubbers, leaving open the question of the efficacy of ATS/ERS guidelines in removing the influence of inhaled NO on eNO.
Less still is known about the influence of inhaled monoxides on estimates of lung inflammation longitudinally. Outdoor NO (oNO) and outdoor CO (oCO) concentrations fluctuate within a day and from day to day, potentially biasing estimates of an individual's airway inflammation over time. In addition to being associated with exhaled monoxide concentrations, oNO and oCO are also associated with concentrations of other pollutants, such as particulate matter with an aerodynamic diameter o10 mm (PM 10 ) or o2.5 mm (PM 2.5 ). Since inhaled monoxide concentrations are associated both with exhaled concentrations and with copollutant concentrations, the observed associations between exhaled monoxides and PM may be due to confounding by inhaled monoxides. Prior longitudinal studies of eNO and eCO vary considerably in their approaches towards accounting for the influence of inhaled concentrations on exhaled concentrations, with some adjusting for monoxides measured indoors, (Zanconato et al., 2002; Adamkiewicz et al., 2004) outdoors (Koenig et al., 2003 Adamkiewicz et al., 2004; Mar et al., 2005) , both (Adamkiewicz et al., 2004) or neither Pearson et al., 2005) . Furthermore, while some investigations have used NO scrubbers (Adamkiewicz et al., 2004; Jansen et al., 2005) , others have not (Koenig et al., 2003 Mar et al., 2005) , raising the question of whether reported associations between pollutants and eNO may be confounded by inhaled NO concentrations.
We report the findings of a panel study of public housing residents that addressed several questions regarding exhaled and inhaled monoxides in epidemiologic studies: (1) How strongly associated are exhaled monoxide concentrations with indoor and outdoor concentrations when an in-line NO scrubber is used? (2) What are medical, demographic and environmental variables predict exhaled monoxide concentrations of public housing residents? (3) To what degree do trends in indoor and outdoor monoxides alone account for trends in exhaled monoxides? (4) What are the estimated effects of PM on exhaled monoxides, adjusting for monoxides measured indoors, outdoors, both, or neither? (5) Can differences among individuals in terms of their exhaled monoxide concentrations be characterized in a way that is independent of indoor or outdoor measures?
Methods

Subjects
Subjects were recruited by community asthma educators in three Chicago public housing developments in which high rise demolition was taking place (Dorevitch et al., 2006 Eligible subjects had physician-diagnosed asthma, or were non-asthmatic family members of asthmatic subjects. Exclusion criteria were smoking, age less than 8 years, lung disease other than asthma, or daily use of oral corticosteroids.
Health Measurements
Demographic, medical, and housing data were obtained by questionnaire. Subjects provided breath samples 5 days per week for approximately 7 weeks in three non-overlapping study periods (one per development), by offline technique generally between 0800 and 0930, using a kit with an in-line NO scrubber (Sievers Instruments, Boulder, CO, USA). Subjects performed tidal breathing through the kit with a three-way stopcock, which allowed their exhaled air to be discarded. After four tidal breaths, they inhaled to total lung capacity and then exhaled against a 10 cm of water, without noseclips or sample partitioning (Anonymous, 1999) , with the stopcock directing their exhalate into a Mylar balloon at 100 ml/s (determined in advance in the laboratory by measuring flow rate over a range of pressures with the balloon attached to the stopcock and breath collection kit). In order to ensure adequate exhalate for analyses, each subject exhaled approximately 3l of sample into the balloon by repeating the protocol two to four times. Between exhalations the stopcock was turned to close off the balloon, preventing entry of indoor air. Indoor air samples were collected in Mylar balloons by hand pump. Breath and indoor samples were collected in subjects' apartments (developments 1 and 2), or a community center (development 3). Samples were analyzed for NO (all developments) and CO (developments 2 and 3). Balloons were analyzed within 4 h of collection and were then flushed three times with ''zero air'', containing o1 part per billion (ppb) nitric oxide and o1 part per million (ppm) carbon monoxide. 
Data Analysis
Geometric means and standard deviations of monoxide concentrations were calculated. Correlations among the monoxide and PM 10 were described by Spearman's rho.
We compared the ability of several indicators of inhaled monoxide concentrations to predict exhaled monoxide concentrations based on R 2 values of single predictor models. Those indicators of inhaled monoxides were concentrations measured (1) indoors at the approximate time of exhaled breath collection; (2) outdoors at 0900, (3) outdoor average 0600-0900; or (4) 24-hour outdoor average. In order to characterize the variability of indoor monoxides between apartments on the same day at approximately the same time, coefficients of variation were calculated.
A two-stage analysis of predictors of exhaled monoxides was performed (Chan and Wu 2005) . In single-predictor models (stage 1), exhaled monoxides were modeled as linear functions of demographic, medical, and housing-related variables. Predictors with P-values o0.25 were entered into mixed-effects regression models (stage 2) with random effects for subject and indoor monoxide terms; time-static covariates were treated as fixed effects, using SAS, version 8.12, with an unstructured covariance model, and an autoregressive lag-1 structure for autocorrelated residuals (Verbeke and Molenberghs 2000) . A backward selection process was used. In final models all variables were significant at a 0.05 level. Sensitivity analyses were performed by restricting the analyses to dates of low indoor monoxide concentrations, and to subsets of subjects. Concentrations of PM 10 and PM 2.5 with the averaging times and lag periods most strongly associated with eNO were added to separate models of eNO (for PM 10 , the average of the 4-h period preceding breath collection; for PM 2.5 , the 1-h concentration at the time of breath collection, 0900). To explore confounding we compared the pollutant effects in models that adjusted for NO measured indoors, outdoors, both or neither.
For each subject eNO was modeled as linear function of indoor NO, producing an intercept, a regression coefficient, and an R 2 . This was repeated for analyses of CO. This study was approved by the University of Illinois at Chicago's Institutional Review Board.
Results
Subjects
Forty-two subjects participated in the study, of whom 28 (66.7%) had asthma, 29 (69%) were female, and 20 (47.6%) were under the age of 18. The mean age of subjects was 23.4 (range 8.5-54.3) years. All subjects were African American. Seven (16.7%) lived with a smoker. Among the 28 asthmatics, 16 (57%) had a history of hospitalization for asthma, 7 (25%) had a history of ICU admission for asthma, and 18 (64%) had been to an emergency department in the past 12 months. Only 5 (17.8%) were on controller medications.
Indoor, Outdoor, and Exhaled Monoxide Relationships
Quality monitoring demonstrated consistent accuracy and precision of the NO and CO analyzers, with calibration R 2 ¼ 0.99 over a range of concentrations (NO, 6 points from 0 to 100 ppb; CO, six points from 0 to 10 ppm). Table 1 provides summary statistics of NO and CO concentrations indoors, outdoors, and in exhaled breath. All six of these variables, as well as PM 10 and PM 2.5 , were significantly correlated with one another, with the exception the indoor CO (iCO)-PM 10 relationship (Table 2 ). Hourly measures of outdoor monoxide concentrations displayed diurnal ( Figure 1a ) and seasonal ( Figure 1b ) variation, with increases in the weekly average oNO and oCO along with decreases in temperature during year 1 of the study. Seasonal trends in iNO and indoor CO (iCO) (Figure 1c ) were similar to those of oNO and oCO, although with greater week-toweek variability. Concentrations of iNO and iCO varied considerably between apartments, with coefficients of variation of 54.3 and 54.1%, respectively.
In single-predictor linear models iNO accounted for 43% of the variability in eNO, while oNO accounted for12%; iCO accounted for 25% of the variability in eCO, compared to 2% for oCO. In models that adjusted exhaled monoxide concentrations for both indoor and outdoor monoxides, outdoor concentrations accounted for less than 1% of the variability in exhaled concentrations once indoor concentrations were controlled for. Therefore, in mixed-effects regression models, iNO and iCO were used as measures of inhaled monoxides. In final mixed-effects models, after adjusting for demographic and housing variables, subjects with asthma had eNO concentrations that were 5.96 ppb higher and concentrations of eCO that were 1.60 ppm higher than those of non-asthmatics (Table 3) . After controlling for covariates, a 1 ppb increase in iNO was associated with a 0.13 ppb increase in eNO, while a 1 ppm increase in iCO was associated with a 0.86 ppm increase in eCO. These estimates were very robust; in 32 different regression models ranging from 1 to 16 variables, the estimated change in eNO per change in iNO ranged from 0.127 to 0.131. Similarly, in nine different models of eCO, the change in eCO per change in iCO ranged from 0.862 to 0.869. In all models of eNO and eCO, the P-values for iNO and iCO, respectively, were consistently o0.0001. Other demographic and medical predictors of exhaled monoxides that were significant in multivariate models are presented in Table 3 , along with their estimated effects. Sensitivity analyses were performed to evaluate the possibility that the observed relationships between indoor and exhaled monoxides were due to extreme observations. Restricting the analysis of eNO to days when iNO was below the median (31.3 ppb) slightly reduced the estimated effect of iNO on eNO from 0.13 to 0.12; limiting the analysis to days when iNO was o20 ppb (the ATS/ERS recommendation) demonstrated no association between eNO and iNO. When the eCO-iCO analyses were restricted to days that iCO was below the 50th percentile (0.57 ppm), the association between eCO and iCO was no longer significant (P ¼ 0.25). Four subjects had mean eCO concentrations 45 ppm, high enough to suggest that they were actually smokers (Deveci et al., 2004; McSharry et al., 2005) . Excluding from analyses these four individuals slightly reduced the estimated effect of iNO on eNO by 15% and of iCO on eCO by 2%. Although asthmatics had higher eNO and eCO concentrations than non-asthmatics, the relationship between exhaled and indoor monoxide concentrations was the same for both groups of subjects. Restricting analyses to subjects living in development no. 3, where breath and indoor air samples were collected in a community center rather than in subjects' apartments, showed a weaker effect of iNO on eNO (coefficient 0.04, 95% CI 0.01, 0.07) than seen among subjects monitored in their homes (coefficient 0.16, 95% CI 0.12, 0.20).
Scrubber Efficiency
The NO scrubber was 94% efficient for NO, reducing NO concentrations from 200 ppb entering the scrubber to 11 ppb leaving the breath collection kit, while displaying no ability to remove CO. 
Distortion Of Longitudinal Trends in Exhaled Monoxides
Between mid-August and late November 2002, the weekly mean eNO of all subjects increased by 29.9 ppb. During that period, the weekly mean iNO increased from 19.0 to 94.4 ppb. Based on this 75.4 ppb increase in iNO, we would expect to see a (75.4 ppb iNO change) Â (0.13 ppb eNO/ 1 ppb iNO) ¼ 9.8 increase in eNO. Thus, 33% of the apparent increase in weekly group mean eNO can be explained by the increase in iNO. Similar calculations demonstrate that 1.6 ppm of the 1.7 ppm (92%) measured increase in weekly group mean eCO during Autumn 2002 can be explained by the increase iCO. Table 4 demonstrates that the estimated increase in eNO per unit increase in either PM 10 or PM 2.5 is dependent on whether and how adjustment is made for inhaled NO. Without adjusting for inhaled NO, PM is associated with an increase in eNO. However, adjustment for NO indoors suggests that this is not the case. Figure 2 is an example of a within-subject linear model of the iNO-eNO relationship. The intercept, 18.1, represents the eNO concentration that this subject would be expected to have if iNO were 0. The slope, 0.31, indicates that for this subject a 10 ppb increase in iNO is associated with a 3.1 increase in eNO. Based on the R 2 , 58% of the variability of in eNO can be explained by variability in iNO. For all subjects the mean intercept (standard deviation) for eNO was 14.8 (10.2) ppb and 1.9 (1.8) ppm for eCO. The mean slope was 0.13(0.13) for NO and 0.85 (0.43) for CO. The R 2 for NO was 0.43 (0.34) and for CO, 0.51 (0.25) . The fact that the standard deviations are relatively large compared to the means demonstrates the heterogeneity among subjects in their intercept, slope, and R 2 -values.
The Influence of Indoor and Outdoor NO on Estimated Effects of Air Pollutants
Characterizing Individuals' Exhaled Monoxides Independently of Indoor Monoxide Concentrations
Discussion
To the best of our knowledge, this is the first study of noninvasive measures of airway inflammation conducted among residents of public housing, the largest longitudinal study of daily eNO and eCO measurements, and the first to systematically address the relationship between eCO and inhaled CO. Concentrations of eNO and eCO were higher among asthmatics than among non-asthmatics, consistent with the observations made in other study populations (Zayasu et al., 1997; Horvath et al., 1998; Uasuf et al., 1999; Jouaville et al., 2003) . Males had higher concentrations of eNO than females, as has been noted by others (Franklin et al., 2004) . Those exposed to environmental tobacco smoke at home had lower eNO and higher eCO concentrations than those unexposed, again consistent with prior studies (Deveci et al., 2004; McSharry et al., 2005) . Although univariate analyses demonstrated lower concentrations eNO and eCO in association with controller medication use, this was not the case in the final multivariate models at a 0.05 level of statistical significance, possibly because of the fact that only five subjects used controllers (data not presented). The observation of lower eNO and eCO among those with histories of ICU admissions for asthma (Table 3) is unexpected. Controller medication use was associated with a history of ICU admission for asthma (OR ¼ 12.6). However, the association between a history of ICU admission and eNO concentrations was unchanged after adjusting for controller use. Stratified analyses of the eNO-ICU relationship by controller use produced unstable models because of the small number of observations within strata. This association between ICU admission and low eNO may be due to a failure to appropriately upregulate inducible nitric oxide synthase (iNOS) or heme oxygenase-1 (HO-1) respectively among a subset of asthmatics with poor control (Ricciardolo et al., 1997) . A recent multicenter study found that after adjusting for covariates, eNO was higher among African-American children than among other children, although this was of marginal statistical significance (P ¼ 0.08) (Buchvald et al., 2005) . Nevertheless, because of the consistency between determinants of exhaled monoxides in our subjects, and those of other studies, we expect our findings regarding the relationship between indoor and exhaled monoxides to apply to other populations.
Concentrations of eNO and eCO were associated with iNO and iCO, despite the fact that our protocol conformed to recommended procedures for breath collection for eNO analysis. In our setting, to estimate airway NO concentrations, one would subtract (iNO) Â (0.13) from measured exhaled concentrations. To estimate airway CO, one would subtract (iCO) Â (0.86) from exhaled CO concentrations, consistent with the approach of others who have accounted for iCO simply by subtracting iCO from eCO (Yamaya et al., 1999; Ramirez et al., 2004) . The fact that a unit increase in indoor monoxides is associated with a smaller increase in eNO (0.13) than for eCO (0.86) reflects the fact that the scrubber removes NO, but not CO from inhaled air.
Possible mechanisms by which inhaled NO and CO influence exhaled monoxide concentrations include: (1) deadspace (some fraction of the exhaled monoxides are from residual inhaled air in the airway); (2) failure to maintain subject adherence with breath collection protocols (incomplete mouth seal during inhalation); (3) leaks within the collection device, its connection to the balloon, or via microperformations in the balloons; (4) inhaled monoxides cause increases in eCO and eNO (Steerenberg et al., 1999) , perhaps by upregulating HO-1 and iNOS respectively); (5) confounding by air pollutants such as particulate matter, or other nitrogen-containing compounds such as nitrogen dioxide or nitrous/nitric acid (Adamkiewicz et al., 2004) , which may upregulate HO-1 or iNOS. Confounding by PM did not explain the eNO-iNO association, since even in models that included PM 10 or PM 2.5 , iNO remained strongly associated with eNO (data not presented). The iNO-eNO association was weaker among subjects who provided exhaled air samples at the central site, compared to those monitored in their homes. This could be due to the absence of combustion sources (including smoking) in the central site testing room (mechanism 5); more careful adherence to the breath collection protocol (mechanism 1 and 2); or more careful maintenance of the breath collection kit and balloons (mechanism 3). The fact that the NO scrubber is efficacious in the laboratory setting but not in the ''real world'' suggests that inhalation around the scrubber (leak within or around the collection device) is likely a contributor to the influence of inhaled NO concentrations on exhaled concentrations. Ensuring tight seals of connections between the mouthpiece, body of the collection device, scrubber, stopcock, and balloon port may prevent such leaks and is recommended. Although Mylar balloons were analyzed within 4 h of collection, and were replaced if they had evidence of wear, microperforations in the reusable balloons could also account for contamination of exhaled air by indoor or outdoor air. Scrubber efficiency decreases with use and the manufacturer's recommendations for scrubber replacement may not be sufficient; comparing ''real world'' and laboratory measures of NO removal capacity as a function of the number of times a scrubber has been used may be informative.
Failure to adjust exhaled monoxide concentrations (collected by offline technique) for inhaled concentrations can distort (bias) longitudinal estimates airway inflammation. Figure 1 demonstrates substantial diurnal and seasonal variation in outdoor NO and CO, similar to those recently described for NO 2 and CO in another urban area (Wang and Lu, 2006 ). Had we not adjusted for indoor monoxides, the observed seasonal increases in indoor and outdoor monoxides would have biased our results to suggest much larger increases in airway inflammation (as reflected by exhaled monoxide concentrations) than actually occurred. Although the general trend in weekly mean exhaled monoxides for the group is explained in part by the seasonal trend in indoor and outdoor monoxides, much unexplained variability remains in within-subject day-to-day measures of exhaled monoxides. By adjusting exhaled concentrations for those in indoor air, more precise characterization of other determinants of exhaled monoxides (other pollutants, exposure to triggers, adherence to medical management, etc.) is possible.
Regional measures of PM were associated with both exhaled and outdoor monoxides (Table 2) , making confounding a concern and necessitating statistical adjustment to determine the independent effects of these pollutants on eNO. The variability in estimates of the effects of PM 2.5 and PM 10 on eNO, depending on the method of adjusting exhaled concentrations for inhaled concentrations, confirms that such confounding occurs, despite scrubber use. As demonstrated in Table 4 , when modeling PM 10 effects, adjusting for either iNO or both iNO and oNO produce results similar to one another, and quite different than models that are either unadjusted or adjust for oNO only. In modeling PM 2.5 effects, adjusting for either indoor or outdoor monoxides produce similar results. Others have previously noted that personal exposure to NO is better predicted by indoor, rather than outdoor concentrations of NO (Zipprich et al., 2002) . We observed substantial variability (coefficients of variation ¼ 54%) in iNO and iCO sampled in different apartments on the same day at approximately the same time, likely due to differences in cooking methods, room ventilation, the presence of gas pilot lights, or kerosene heaters (Dennekamp et al., 2001; Zipprich et al., 2002; Zota et al., 2005) . For that reason, adjusting exhaled concentrations for those indoors may be preferred over adjustment for outdoor concentrations. Longitudinal studies designed before the publication of ATS/ERS guidelines, which have reported positive associations between PM 2.5 and eNO may have been confounded by inhaled NO concentrations either because adjustment was not made for NO concentrations indoors or outdoors, or because NO scrubbers were not used. (Koenig et al., 2003 Mar et al., 2005) .
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Recommendations to Improve the Accuracy of Exhaled Monoxide Measurements in Environmental Health Research
Although online measurement of exhaled monoxides is practical in a clinic setting, the offline approach offers cost and logistical advantages to epidemiologic studies (Anonymous, 2005) . In order to accurately estimate airway inflammation, a variety of approaches to accounting for inhaled NO have been applied to the offline measurement of eNO, including the discarding of deadspace air using a twobag systems (Steerenberg et al., 2000) , restricting collection of eNO to days that oNO is o10 ppb (Jobsis et al., 2001) o35 ppb (Corradi et al., 1998) o100ppb (Koenig et al., 2003) , or adjusting statistically for oNO as measured at regional monitoring station (Koenig et al., 2003 Mar et al., 2005) . Based on our observations, the use of a scrubber alone is not sufficient to eliminate bias and confounding by inhaled concentrations. Adjusting measured exhaled monoxide concentrations for indoor monoxide concentrations is preferable to adjusting for outdoor measurements, based on our PM 10 -eNO associations and the finding that oNO adds little to models that already include iNO. Restricting the inhaled-exhaled monoxide analyses to days with relatively low concentrations of iNO and iCO did remove the influence of inhaled monoxides on exhaled concentrations. However, applying such restrictions to studies of exhaled monoxides collected from subjects in urban areas by offline technique would severely limit the amount of usable data and would make it nearly impossible to conduct epidemiologic studies of the health effects of particulate matter, whose concentrations are correlated with those of NO and CO (Table 2) . Based on the weaker iNO-eNO association seen among subjects evaluated at the community center, central site monitoring may reduce sources of variability that are present in subjects' homes. Careful and systematic testing of the collection device and balloons for leaks is advised. Two subjects with the same degree of airway inflammation may have very different exhaled monoxide concentrations if they are evaluated when inhaled concentrations differ substantially. The subjectspecific intercept (baseline exhaled monoxide concentration when inhaled concentration ¼ 0; Figure 2 ) may prove to be a less biased method of characterizing individuals than single measurements or their average exhaled monoxide concentration.
This study has several limitations. Medical, demographic, and housing variables were based on questionnaire items. Thus, information about asthma diagnosis and history, smoking status, or environmental exposures may not be accurate. Mitigating this potential source of information bias, the mixed-effects regression models were based on withinsubject, rather than between-subject, changes in airway inflammation. Side-by-side comparisons of our offline breath collection protocol with the offline method using a reservoir or the online method may have shed light on sources of variability in exhaled monoxide concentrations. Additionally, although smoking status was not verified by cotinine levels, we were able to verify that the influence of indoor on exhaled monoxide concentrations was not changed if suspected smokers (those with high mean eCO) were eliminated from the analyses. We characterized confounding by inhaled monoxides on estimated effects of regionally measured PM 10 and PM 2.5 on eNO. It is not known how the estimated pollutant effects may have been different had personal exposure to PM been studied. Furthermore, we collected health and environmental data in one urban area among subjects living in close to proximity to one another; evaluating the independent effects of PM on eNO in several communities with a range of ambient NO-PM relationships may have resulted in a more complete characterization of the independent effects of PM on exhaled monoxides.
In conclusion, the offline method of breath collection and subsequent measurement of exhaled monoxides as noninvasive indicator of airway inflammation is a method whose technical specifications and recognized limitations are still evolving. Even when ATS/ERS guidelines are followed, indoor and outdoor monoxide concentrations influence estimates of airway inflammation and can distort estimates of the effect of air pollutants on exhaled monoxides. Scrubber use, maintaining a tight mouth seal, monitoring the breath collection kit/balloons for leaks, and adjusting measures of exhaled monoxides for concentrations of monoxides measured indoors at the time of breath collection are recommended.
